. Higher concentrations of both SO 4 2À and Cl À at Pune compared to Sinhagad were balanced by higher concentration of Ca 2+ such that the pH remained approximately similar and, on average, well on the alkaline side. The difference in ionic composition between the two sites, available so far only for the monsoon period, is quite small (especially in case of wet only samples) and interpreted as an influence of local sources at the Pune site. At both sites the concentrations in the bulk samples were only slightly larger than those in the wet-only samples. Our analysis demonstrates that the Sinhagad site provides useful data representative of the regional situation. The data are also analyzed in terms of seasonal (monsoon versus postmonsoon) variations and air mass trajectories. Surprisingly high concentrations of SO 4 2À at the rural site (Sinhagad) during the SW monsoon period may indicate transport from the African continent.
Introduction
[2] Chemical composition of rainwater provides understanding of the sources of various atmospheric pollutants and their local and regional dispersion. High population density, industrialization and urbanization have resulted in more anthropogenic emissions of pollutants in India [Khemani et al., 1994; Agarwal and Singh, 2001; Kulshrestha et al., 2003] . Emissions of sulfur and nitrogen compounds into the atmosphere increase the abundance and acidity of atmospheric aerosols, leading to, for example, detrimental effects on human health. Also, these emissions may cause acid precipitation, which may potentially damage vegetation. Although Khemani et al. [1994] have ruled out acid rain problem in India, it has been found that pH level measured in the rains and fogs collected in some urban and industrial locations in India have shown decreasing trend with time. Rainwater pH at Agra and Delhi were 9.1 and 7.0, respectively, in 1963, which decreased to 6.3 and 6.1, respectively, in 1984 [Khemani et al., 1989] . Fog water study at a residential location of Delhi (New Rajinder Nagar) revealed that pH of fog water was 7.2 in 1984 -1985 winter and 6.5 in 1989 -1990 winter [Kapoor et al., 1993] . have studied chemical composition of rainwater collected at three different locations, Alibag, Colaba and Kalyan, in the Mumbai region. From 1973 From -1974 From to 1994 From -1995 , there has been substantial decrease in pH (i.e., from 7.10 to 6.74 at Alibag, from 7.20 to 6.38 at Colaba and from 5.7 to 5.28 at Kalyan) of rainwater at these locations. The latest study on the acidity of rainwater carried out at IITM, Pune reveals that pH was 7.1 in 1984, it became minimum to 6.2 in 1998 and then increased to 6.6 in the year 2003 [Safai et al., 2004] . Thus there are ample examples that show that pH value of rainwater in India has come down, indicating that the neutralizing capacity has decreased over the past decades. Slightly acid rain in a rural environment has been reported by Khemani [1992] in the southern part of Western Ghats and more recently from Bhubaneswar in eastern India by Norman et al. [2001] and Granat et al. [2001] .
[3] Hundreds of small and big industries have grown in and around Pune city. On the other hand, Sinhagad is an elevated rural location, situated at a distance of 18 km to the southwest of Pune. A study on the chemical characterization of precipitation at Pune and Sinhagad could indicate the amount of elevated concentration in Pune due to additional sources in the city and suburban. Monitoring of precipitation chemistry at Pune is in progress since 1970 and results have been reported in various studies [Khemani, 1985; Naik et al., 1988; Rao et al., 2002] . Only a single study on the comparison of chemical composition of rainwater at Pune and Sinhagad has been carried out . It was found that the concentration of all the ionic components in rainwater at Pune was higher than those in rainwater at Sinhagad. From earlier results the agreement in NSS concentrations was quite good [Parashar et al., 1996] . The present study aims at investigating impact of local urban pollution sources and that of sources in different regions of India and Indian Ocean/Arabian Sea on chemical composition of rainwater at Sinhagad and Pune. . Other mountain peaks of comparable heights surround it. This part of the Western Ghats is covered with vegetation, grass and trees. The only noticeable local source of pollution is wood burning for cooking. A few people live at the summit and some tourists visit the area (by foot). A few cars and buses enter the mountain but cannot come closer than one kilometer.
Pune (18°°°°°°32
0 N, 73°°°°°°51 0 E, 559 m asl)
[5] Pune is an urban station in the Maharashtra State of India. It is an inland location about 100 km of the west coast and falls on the lee (eastern) side of the Western Ghats. The city of Pune is spread over an area of 140 km 2 and has a population of about 2.5 million. The sampling site at Pune is a terrace of the Institute's (Indian Institute of Tropical Meteorology) building, which is about 12 m above the ground level. In front of the Institute's building, there is a main road at a distance of about 100 m. The site is surrounded on three sides by hillocks of variable heights (up to 200 m) forming a valley like appearance. Brick kilns are situated at a distance of about 1 km to the west of observational site. There is major urban activity to the east of the observational site. Airflow in the lower troposphere is predominantly southwesterly during monsoon period. Pune during the year 2002 due to nonfunctioning of the collector. In order to study chemical composition of rainwater at these places and to investigate their sources, the data of chemical species obtained in rainwater at both the places were compiled season-wise. For this purpose, the period of a year was divided into four seasons as per division made by India Meteorological Department. These seasons are winter (December -February), premonsoon (March -May), monsoon (June -September) and postmonsoon (OctoberNovember) seasons. It is mentioned that during the period under study the rainfall at Sinhagad occurred only in monsoon and postmonsoon seasons and at Pune it occurred only in premonsoon and monsoon seasons.
Sampling and Analysis
[7] Samples were collected either on an event basis or on daily basis. Rainwater collection gadgets were kept about 2 m above the ground at Sinhagad and about 2 m above the terrace (12 m above the ground) of the IITM building. Collecting bottles and funnels were daily cleaned with triple distilled water to avoid dry deposition of gaseous and particulate pollutants. When there were number of rain events during office working hours of a day, the collecting bottles and funnels were cleaned immediately after collecting the samples to make the collection gadget ready for the collection of subsequent rain samples at both the places. Samples were collected in a polyethylene bottles rinsed with triple distilled water.
[8] Subsequent to the collection of samples their pH and conductivity were measured as immediate as possible. The pH was measured with the help of Elico make (model L1-120) digital pH meter using reference and glass electrodes standardized at pH 4.0 and 9.2. Conductivity was measured with a digital conductivity meter calibrated against a reference KCl solution. Pinch of (50 -75 mg) Thymol was then added to the samples to prevent bio-degradation and the samples were kept in a refrigerator at 4°C until the completion of all the analyses. [Parashar et al., 1996] . According to this relationship, when the pH of a sample is above 5.6 and the sample is in equilibrium with atmospheric carbon dioxide pressure, the concentration of HCO 3 À is given as [HCO 3 À ] = 10
, with HCO 3 À concentration in mol/l. 
Quality Control Methods
[10] Proper care was taken in collection and preservation of these samples until all the analyses were complete. Samples that were found to be contaminated with dust or bird droppings were removed. The data obtained by the D08302 MOMIN ET AL.: CHEMICAL COMPOSITION OF RAINWATER chemical analyses were then subjected to the quality check. It was done by ionic balance method. It was found that the ratio between the sums of cations and anions of individual samples varied between 0.9 and 1.3. The second check was made through comparison between the measured and calculated [EMEP, 1996] conductivities of the individual samples ( Figure 1 ). Correlation coefficient between the two values varied from 0.968 to 0.995 as shown in the figure. ) some 80% higher than during post monsoon period which is not surprising with sea wind over the region. However, concentration of Ca 2+ was very similar during monsoon and post monsoon period despite different wind regimes. Non- [13] During postmonsoon season trajectories are mainly passing over areas north to east of the site, with anthropogenic activity both near, such as Pune and its sub-urban areas and more distant ones as for instance Delhi, Punjab and Western U.P. Concentrations of nssSO 4 2À , NO 3 À and NH 4 + were 50% to three times higher than during monsoon period. Part of this might be explained by smaller amount of rainfall but primarily due to a different source pattern and strength. From the presently available information we will not try to make any estimate of the relative importance of sources at different locations and distances.
Results and Discussion
[14] Sea-salt also showed appreciable concentrations in these samples that could have been of marine origin and partly due to resuspension of previously deposited sea salt onto the soil [Norman et al., 2001] . Following are two results obtained in the year 2002 that need to be paid further attention.
[15] Rainwater sample collected on 11 October 2002 was acidic with pH equal to 5.2. It is seen in Table 1 that Cl À / Na + molar ratio is $1.5, which is greater than that for seawater (1.17). Also, non-sea-salt SO 4 2À and NO 3 À showed (Figure 2 ) indicate that at all the three levels wind was easterly to southeasterly and had passed over India for three days since it left the Bay of Bengal. Thus the observed SO 4 2À , NO 3 À and additional Cl À must have originated from anthropogenic activity over these land areas.
[ Figure 2 , indicated that wind was approaching the region from north India industrialized areas like Punjab, Haryana, Delhi and West U.P., and from nearby areas of Maharashtra lying to the north of Sinhagad. On the basis of the above non-sea-salt and back trajectory analyses it can be concluded that the sea salt concentration in appreciable amount at Sinhagad may have been due to the resuspension of the previously deposited sea salt and the appreciable concentration of Ca 2+ and SO 4 2À are due to sources in the above regions.
[17] Wet-only rainwater samples collected at Sinhagad during the year 2002 -2003 were also alkaline with an average pH equal to 6.2. The sample collected on 11 October 2003 was acidic with pH value 4.9 ( (Figure 4 ). This is because the bulk collector remains open all the time and the large particles falling under gravity (dust-fall) gets deposited even if there is no rain. Particles are also deposited through impaction and by sorption of gases on already deposited material in the open collector .
[19] The largest deviation was found for sea salt (about 21%), lower for nssCa 2+ (about 12%) and quite small for SO 4 2À (9%). The difference between bulk and wet-only seems to be proportional to wet-only concentration (rather than due to a random addition indicative of a local contribution). The agreement between the two bulk collectors (named b 1 and b 2 ), located at about 15 m apart and b2 being more protected from wind in a depression, was exceptionally good and well correlated (for Ca 2+ less than 3% difference and with a r 2 = 0.93). This is a strong indication that very local sources did not contribute significantly. Ratio value of individual ions in bulk sample to the corresponding ions in wet-only sample varied from a minimum value of 1.02 for K + and NH 4 + to a maximum value of 1.23 for Na +.
(except for F À , which came to be 2.44). and 40 meq l À1 ), nearly four and eight times higher, respectively, than during monsoon period. Back trajectory analysis showed that marine wind was reaching the region in April after having traveled over a vast expanse of water body, the Arabian Sea ( Figure 5) 2+ and Mg 2+ but for NH 3 there are no recognized important sources in that region. The large difference may instead be explained by the scavenging conditions with both local and distant sources contributing to the sample composition.
Chemical Composition of Bulk and
[22] After intense heating spread over a number of days during premonsoon in Pune region there were only two rain occasions caused by thunderstorms of localized nature. Thundershowers scavenge in the beginning a large quantity (masses) of pollutants, particularly soil oriented coarse size particles [Chate et al., 2003] Figure 5 ) indicated that upper level wind (arriving at 1000 m) originated over Southern Iran, took path southeasterly, recurved to southerly at the southern tip of Iran and again recurved to westerly to reach over Pune. Thus the wind may be expected to have brought some chemical species emitted over those regions.
[23] Results of the chemical composition of rainwater collected by wet-only collector at Pune during the monsoon season of the year 2003 are also shown in Table 2 .
The average pH of the samples was 6.6. Average Ca 2+ (85 meq l À1 ) for 2003 dominated among all the ions followed by Cl À and Na + which also showed appreciable concentration ( Figure 6 ). The average Cl À /Na + ratio was 1.27 which is nearly equal to that ratio for seawater.
[24] Figure 7 presents a comparison between the chemical composition of wet-only and bulk samples at Pune. The result of comparison is quite similar to that obtained from comparison between bulk and wet-only samples at Sinhagad. Average pH value for both types of samples was 6.6. Also, it is seen that ion to ion ratio between bulk and wet-only samples varied between 1.0 and 1.4.
Comparison Between Rainwater at Sinhagad and Pune
[25] Comparison between chemical composition of rainwater at Sinhagad and at Pune is shown in Figures 8a  and 8b . Samples selected for this comparison were those which were collected during the common months as given in the figure. The reason for selecting common months for comparison of the chemical composition of rain samples at Sinhagad and Pune is that the general meteorological condition for the occurrence of rain at both the locations during the monsoon period remains almost same. Except Na + and Mg 2+ the concentrations of all the ionic species at Pune were a little higher than the concentrations of corresponding ions at Sinhagad. In bulk rainwater samples the value of all the ions, except Ca 2+ , at Sinhagad did not differ much from those at Pune.
[26] The remarkable point in this comparison is that even though Sinhagad is a high altitude rural location receiving rainfall nearly double the rainfall at Pune (see Figures 8a  and 8b) , the concentration of most of the ions in Sinhagad rainwater is not much less than those in Pune rainwater. On account of massive incursion of marine air at both the places during monsoon period, the concentration of Na + and Cl À may also be expected to show similar level at these places. The sizable concentration of nssCa 2+ and nssSO 4 2À at Sinhagad, rather nearly equal to those at Pune, indicates that there might have been transport of these species from the African continent, as already discussed in section 5.1.
Results of Factor Analysis
[27] Source identification of different chemical ions present in precipitation samples at Sinhagad and Pune during rain episodes in the year 2002 and 2003 was further carried out through Varimax rotated factor analysis [SPSS Inc., 1983] in order to confirm the explanation given in the previous sections. The factor loadings showed the data synthesized into three factors with Eigen values cut off at greater than unity and explaining about 68 to 89% of the total variance corresponding to data stratified into two groups, namely, Sinhagad rainwater and Pune rainwater ( computed using the formula given by Keene et al. [1986] . The formula used for calculating the Neutralization Factor (NF) of a cation is given as
[31] Neutralization factors for Pune and Sinhagad are given in Figure 9 . It is found that in all the cases shown in the figure Ca 2+ played dominant role in the neutralization of acidity at both the places. 
Conclusion
[32] On the basis of our study of the chemical composition of rainwater collected at two Indian sites, one in urban Pune and one at a nearby rural site (Sinhagad), we draw the following conclusions:
[33] The average pH is between 6.2 and 6.6 at both sites and for both bulk and wet-only sampling.
[34] Only one clearly acidic situation was encountered, with a pH of 5.2 (bulk) and 4.9 (wet-only) at Sinhagad.
[35] The major neutralizing component is associated with Ca. Neutralization by NH 3 in this region is a factor ten smaller.
[36] The major anions in most samples were Cl À and SO 4 2À and the major cations were Ca 2+ and Na + .
[37] A comparison between the Pune and the Sinhagad sites with data so far only available for the monsoon period indicated a surprisingly small difference, less than 10% for nssSO 4 2À and nssK + , while it was 25% higher for nssCa 2+ , a factor two higher for NH 4 + and three times higher for NO 3 À . The results for bulk samples were similar. The higher concentration of anions at Pune was largely compensated by the increase in the concentration of cations such that the pH remained approximately the same.
[38] Local sources (within the nearest kilometers) did not seem to influence the Sinhagad samples significantly. This implies that this rural site is useful for obtaining regionally representative precipitation chemistry data.
[39] Surprisingly high concentrations of Ca 2+ and SO 4 2À were measured at both sites during the SW monsoon season.
Since no large upwind sources of these compounds are expected on the Indian subcontinent, one is led to conclude that very long-range transport may be involved, possibly even including African sources.
[40] For those occasions when a direct comparison could be made, the difference between bulk and wet-only samples was quite small. The large deviation was found for sea salt (21%), lower for nssCa 2+ (12%) and quite small for nssSO 4 2À (9%). 
